This paper presents the application of the electrical resistivity tomography (ERT) method to the investigation of the Tertiary maar structure of Baruth (Germany) known from previous gravimetric surveys. ERT was applied to support the optimum location for a palaeoclimatological drill hole.
INTRODUCTION
Variscan stock granite (Lindner & Brause 1967) . In 1970, however, a borehole was drilled through the centre of the minimum Maar structures originate from phreatomagmatic explosions if magma is in contact with groundwater. Since the bottom (Fig. 3) , and below approximately 200 m of typical Miocene Series, 300 m of limnic sediment was found. A reinterpretation of the crater blasted into the host rock often lies below the groundwater level (Lorenz 1973) , crater lakes surrounded by of the core clearly indicated that the Kleinsaubernitz structure is a Tertiary maar (Suhr & Goth 1995) . As both gravimetric a ring wall of pyroclastic material are commonly formed. The relatively undisturbed bedding of limnic sediments in maars minima are very similar, it was suggested that the Baruth structure also represents a Tertiary maar. Since such a maar can yield valuable palaeoclimatic records. In the Eger rift valley and its cross-faults, volcanic and pyroclastic rocks, individual can yield valuable information about the climate in the Tertiary period, Geowissenschaftliche Gemeinschaftsaufgaben volcanites and phreatomagmatic structures of Oligocene and Miocene age are found (Fig. 1) . In 1996, geophysical research (GGA) Hannover and Sächsisches Landesamt fü r Umwelt und Geologie (Freiberg) have plans to drill a borehole into the was carried out in the Lausitz region (East Germany) in the northern extension of the Eger rift valley to explore a supposed Baruth structure. Various geophysical methods, mainly gravity, electrical resisTertiary maar structure.
A regional gravimetric survey clearly indicated two gravitivity tomography (ERT), seismics, geoelectrical Schlumberger soundings, magnetics, c-spectrometry and very-low-frequency metric minima in the vicinity of the village of Baruth (Fig. 2) . The first minimum is located 5 km north of Baruth at ( VLF) electromagnetics, have been used to examine the shallow and deep structures of the Baruth anomaly (Suhr et al. 1997) . Kleinsaubernitz, the second just 1.5 km east of the village. Originally, the gravimetric minimum of Kleinsaubernitz, which The aim of these studies has been the location of the optimum Figure 1 . Eger rift valley: volcanic and pyroclastic rocks and phreatomagmatic structures, generalized from Pietzsch (1963) and Suhr & Goth (1995) . The structure at Kleinsaubernitz is marked by an arrow.
drilling site in the centre of the maar where the greatest combination of a large number (a few hundred to several thousand) of apparent resistivity measurements. In general, thickness of limnic sediments and therefore the most complete palaeoclimatic record can be expected.
ERT can be performed using any set of classical electrode arrangements, preferably including all linear independent con-ERT has been applied because a significant contrast between the limnic sediments and the crystalline surrounding could be figurations for a given array of electrodes (Xu & Noel 1993) . However, personal preferences seem to exist with respect to anticipated. Examination of the depth and extent of the studied structure, both of the order of a few hundred metres, required completeness, data quality and field procedure. Successful ERT surveys have been reported with the Wenner (Loke & modifications and a special design of the field procedure, data enhancement and inversion algorithm, which we present here.
Barker 1996), pole-pole (Li & Oldenburg 1994) and dipoledipole configurations (Daily et al. 1992) . We prefer a set of This paper starts with a description of a novel dipole-dipole field technology using 72 electrodes arranged on three condipole-dipole arrangements, because it contains more linear independent measurements than a Wenner set and, although centric circles at the surface. Because there are only a few reports about DC data quality in the literature, we will describe it contains fewer independent measurements than the pole-pole set, it has better data quality. In fact, a potential distribution special features of the data acquisition by high-resolution stand-alone transient recorders and processing techniques in a can be mapped more accurately by differential measurements than by reference to a distant pole. separate section. After that we will introduce a resistivity imaging procedure based on the simultaneous iterative reconstruction Until recently, ERT was mostly applied to smaller objects with a depth of investigation typically up to a few tens of technique (SIRT) and we present a synthetic example. Finally, the inversion of the field data will be discussed.
metres. In such surveys multielectrode cables and automatic data acquisition systems can be used to switch between the configurations (Daily et al. 1996) 1984; Daily et al. 1996; Daily et al. 1992; Loke & Barker 1995 , 1996 .
of several large-scale dipole-dipole profiles, whilst Monteiro Santos et al. (1997) attempted an interactive 3-D trial-andThe field procedure typically employs a set of 20 to more than 100 electrodes arranged linearly on a regular 2-D grid or error modelling to fit dipole-dipole profiles. The aim of our study was to develop a method based on an automatic in boreholes. Tomographic reconstruction is based on the approximate inversion in three dimensions. Accordingly, data had to be collected using a 2-D electrode array placed on an area larger than the expected target, which has a diameter of approximately 1000 m; the latter value was estimated from the gravimetric anomaly.
For an arrangement of that size and centralized controlling, very long cables are needed. Consequently, the risk of cable fault and noise injection by antenna effects increases. These problems could be minimized with a decentralized technology employing independent source and receiver units. Potential electrodes were arranged on three concentric circles, each containing 24 electrodes (Fig. 4) . The electrode positions could be determined to an accuracy of less than 0.5 m. A Scintrex wave signal with the sequence +on, off, −on, off and a period of 16 s was generated. Current was injected via metal grates of 0.5-2 m2, with an amplitude between 2 and 15 A. The current dipoles were displaced by half a dipole width with respect to analogue-digital converter, maximum sampling rate 1 kHz, external SCSI hard disk, GPS clock) with a selected resolution the potential dipoles. This enabled a continuous sampling without clamping off the receivers next to the source to preof 1.907 mV at a frequency of 40 Hz. Non-polarizable CuCuSO 4 electrodes were used in order to minimize disturbances by vent them from voltages exceeding 10 V. The voltage at each dipole was recorded continuously for 12 days by 28 transient electrochemical effects. Altogether 72×72 transmitter-receiver combinations were measured. recorders RefTek 72A-07 (three differential channels, 24-bit The voltage amplitudes were identified visually and picked SIGNAL PROCESSING by pointing with the cursor. On average, amplitude values of more than 15 periods were picked until the standard The first steps of signal processing are performed inside the data acquisition system. The anti-alias filter is a 6-pole Butterworth deviation of the data series had declined below 3 per cent of the mean voltage value. Measurements failing the quality low-pass active filter with a −3 dB frequency of 250 Hz. The analogue digital converter is a delta-sigma modulator-type criteria specified in Table 1 were not considered. Finally, 4165 data were included in the inversion set, i.e. more than 80 per converter followed by a digital finite impulse response (FIR) processor. The passband of the FIR is linear phase with cent of the theoretically possible dipole-dipole measurements. amplitude flat ±0.1 dB to 0.75 times the Nyquist frequency, −3 dB at 0.82 times the Nyquist frequency. The stopband RESISTIVITY IMAGING USING SIRT frequency attenuation is greater then 130 dB above the Nyquist frequency. A rigorous oversampling of the delta-sigma analogueThe inversion of 3-D DC resistivity data, a non-linear problem, is usually solved iteratively by comparing a complete forward digital converter and a subsequent filtering and resampling of the digital signal processor effectively increases the signal-tosolution based on finite differences (Dey & Morrison 1979) or finite elements (Sasaki 1994) with the measured data noise ratio. As every value of the 40 Hz output stream is the average of many samples, an effective low-pass filtering is and calculating a model update using a Jacobian matrix (McGillivray & Oldenburg 1990 ) and a smoothness constraint performed. Consequently, the 50 Hz noise arising from the mains voltage could be completely removed. Noise recordings (Constable et al. 1987) . In principle, this procedure can be implemented for problems prior to the surveys have shown a negligible 162 3 Hz noise component in this region. Only a little lower-frequency noise of any size, but for large numbers of data (N>5000) and model spaces (M>105) the computations involved may in appears in the recorded signal.
Generator current signal and a typical voltage signal are shown in Fig. 4 . During the experiment approximately practice be too large for the available computing hardware. measurement weight e i will approximate 2.5 for dipole-dipole measurements. We prefer a slight over-relaxation, assuming an The desired smoothness of the inverted model following Occam's principle (Constable et al. 1987) has encouraged many average ratio of v/e i =1 to obtain a faster convergence: authors to apply approximations to both the forward and the inverse mapping. Beard et al. (1996) calculated a low-contrast approximation to the forward problem. Li & Oldenburg (1994) m
showed that it is possible to avoid the computation of a sensitivity matrix completely if the electrodes are arranged regularly on a 2-D grid. Even solutions of the pure linearized
problem, termed imaging rather than inversion in the following, have been shown to reconstruct the main features of the Furthermore, it will be shown in Appendix A that such a subsurface resistivity distribution (Loke & Barker 1995; Pérez correction can be related to both the modified perturbation Flores & Gó mez Treviñ o 1997).
method of Kyriacou et al. (1992) and the iterative application The imaging procedure presented here was developed for of the backprojection method of Noel & Xu (1991) . As a application to arbitrary 2-D electrode layouts while fulfilling starting model, a homogeneous half-space of the data average the following basic requirements of approximate inverse prod : is used where the Fréchet derivatives can be calculated cedures (Christensen 1997): (1) maintenance of the basic analytically. features of the correct solution, whilst being (2) simple and fast, (3) robust, and (4) of controlled smoothness.
The method is based on an algorithm belonging to the SIRT SYNTHETIC EXAMPLE family and avoids the computational expense and possible
The following synthetic example illustrates the characteristics instabilities of explicit matrix inversion for the linearized of the approximate inverse mapping procedure. A T-shaped inverse problem. The measured apparent resistivity data d i can model body of 1000 Vm was placed in a homogeneous halfbe expressed as a set of spatial averages of the model resistivity space of 500 Vm (Fig. 5a ). The synthetic data were calculated distribution m(r) (the derivation is given in Appendix B): using a finite difference forward algorithm presented by Dey & Morrison (1979) . The data set comprised nine dipole-dipole 
model are reconstructed, although the resistivity contrast is
In this study we have used the arithmetic average of all apparent resistivities for the value of m hom . Alternatively, the geometrical average, the median or the maximum of the distribution of the apparent resistivities may be used. To solve eq. (2) numerically we parametrize the model into a large number of cells m j ( j=1, … , M). The elements w ij of the sensitivity matrix W are the integrals over the Fréchet derivatives of the ith measurement with respect to the jth cell. A minimum norm least-squares solution for the approximate model parameters m is found using a SIRT algorithm (Dines & Lytle 1979; van der Sluis & van der Vorst 1987),
Olayinka & Weller (1997) suggest a relaxation parameter calculations have shown that for sufficiently large volumes the underestimated. This is, however, a common phenomenon in is almost independent of cell size and very stable for varying cell sizes. linearized imaging (Loke & Barker 1995) . It is noted that the smoothness of the recovered model was not achieved by special regularization but is an inherent property of the SIRT INVERSION AND INTERPRETATION OF algorithm converging against the least-squares solution of FIELD DATA Wm=d lying closest to the starting model m(0) in the norm dΩd∞ defined by dud∞=(uTCu)1/2, where C is a diagonal matrix
The model consisted of 83×83×46 cubic cells of 20 m length covering an area of 3 km2 to a depth of 900 m. The inversion formed by the elements of the cell weights c j (van der Sluis & van der Vorst 1987). Therefore, the image obtained by SIRT was computed on a Hewlett Packard Workstation model 9000/780, equipped with a 180 MHz PA-RISC processor and 324 MByte of memory. More than 3 hr was needed for each iteration step. After the first 20 iteration steps further iteration did not result in significant changes of the rms error and the inversion was stopped at an rms error of 12.5 per cent. The reconstructed image shows a central resistivity low (Fig. 7) . It can be interpreted as the interior of the maar structure filled with limnic sediments, contrasting with the high resistivity of the surrounding host rock. In order to estimate the approximate diameter of the maar crater and to define the boundary between host rock and sediment filling, the horizontal gradient of the resistivity image was calculated according to
Assuming a sediment filling of nearly constant resistivity, the central area of low gradient in Fig. 8 may be interpreted as the interior of the crater. As the 40 Vm contour roughly outlines this low-gradient area, it has been chosen as an approximate border of the limnic sediments. The body traced out by the 40 Vm contour has a maximum depth extension of approximately 400 m and the characteristic shape of a crater with a maximum diameter of about 900 m. Assuming a Tertiary series of 100 m covering the structure (crater depth of 300 m), the diameter is about three times the depth. Wood (1974) has given a typical ratio of 6 : 1 between diameter and depth for a maar structure. However, we have no direct information about the true resistivity of the host rock, limnic sediments and breccia. The breccia is water saturated and may have a similar resistivity to the limnic sediments. In this case ERT cannot distinguish between breccia and sediments and results in a smaller diameter-to-depth ratio. Furthermore, it is noted that the imaging procedure applied cannot yield sharp boundaries owing to the inherent smoothing of the SIRT algorithm. Therefore, the ERT image should be regarded as an initial model that can be further improved by standard iterative methods using a full forward calculation and different smoothness constraints, provided such calculations can be performed within the limits of the available computing hardware.
To support the decision for the optimum position of the palaeoclimatological borehole, our results recommend the projection of the maximum depth extension of the crater to the surface (Fig. 7) . ERT suggests the coordinates R 5 473 230 m and H 5 676 810 m (coordinate system RD/83; reference plane: Bessel ellipsoid, central point Rauenberg; Gauß-Krü ger coordinates; 8°00∞ longitude=R 3 425 000 m; 50°48∞ latitude= H 5 630 000 m) with an estimated error of ±50 m. The gravimetric structure has its centre at R 5 473 400 m and H 5 676 700 m, at a distance of about 200 m from the ERT point. For a non-symmetrical crater shape, as indicated by both the ERT conductivity distribution and gravimetry, the gravimetric minimum of the maar fill and the maximum depth extension do not necessarily coincide. Furthermore, it should be As a consequence of the non-symmetrical structure of both electrical and gravimetric structure, the projection of the greatest depth extent of the crater derived from ERT might represent a better drill position than the gravimetric minimum.
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